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Abstract 

Conventional adjuvant chemotherapies for bladder transitional cell carcinomas (TCCs) may cause strong systemic toxicity 
and local irritation. Non-toxic resveratrol inhibits TCC cell growth but its feasibility in clinical management of TCCs remains 
obscure. This study aimed to evaluate the safety and anti-TCC efficacy of resveratrol, using the experimental models closer 
to the clinical treatment condition. Human TCC EJ cells were exposed to 100 uM, 150 uM and 200 u.M resveratrol 
respectively for 1 hour and 2 hours to mimic intravesical drug instillation and the cell responses were analyzed by multiple 
experimental approaches. An orthotopic TCC nude mouse model was established by injecting EJ cells into the sub- 
urothelial layer and used for short-term intravesical resveratrol instillation. The safety of resveratrol instillation was evaluated 
and compared with that of MCC. The results revealed that 2 h 150 u.M or 200 |iM resveratrol treatment leaded to 
remarkable S phase arrest and apoptosis at 72 h time-point, accompanied with attenuated phosphorylation, nuclear 
translocation and transcription of STAT3, down-regulation of STAT3 downstream genes (survivin, cyclinDI, c-Myc and VEGF) 
and nuclear translocations of Sirtl and p53. The importance of STAT3 signaling in cell growth was confirmed by treating EJ 
cells with JAK2 inhibitor tyrphostin AG490. The efficacy and safety of resveratrol instillation were proved by the findings 
from nude mouse orthotopic xenograft models, because this treatment caused growth suppression, distinctive apoptosis 
and STAT3 inactivation of the transplanted tumors without affecting normal urothelium. Our results thus suggest for the 
first time the practical values of resveratrol as a safe and effective agent in the post-operative treatment of TCCs. 
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Introduction 

Bladder cancer is the commonest malignancy of the urinary 
tract, of which 90% is transitional cell carcinoma (TCC). 
Transurethral resection followed by intravesical chemotherapy is 
the standard care of TCC patients [1]. Recurrence is the leading 
risk of TCC patients because of the difficulty to radically remove 
the aggressive tumors [2]. Consequendy, adjuvant intravesical 
chemotherapies become the major approaches to prevent TCC 
relapse. Bacillus Calmette-Guerin, interferon-a, cisplatin, mito- 
mycin C (MMC) and their combinations are conventionally used 
in clinical practice, while their efficacies are variable [3,4] and 
usually cause strong systemic toxicity and local complications such 
as hemorrhagic cystitis [2] . It is therefore in urgent need to explore 
lesser toxic and more effective approach for better management of 
TCCs. 

Resveratrol has been regarded as a non-toxic polyphenols 
compound that found in grapes, berries, peanuts and red wine [5] . 
A body of evidence shows that resveratrol is able to inhibit the 
growth of many cancers such as leukemia, breast cancer and 
primary brain tumors [6-8]. In the case of bladder cancers, 
resveratrol effectively decreases cell viability and induces apoptosis 
of human and murine bladder cancer cells [9-12]. Nevertheless, 



the practical value of resveratrol in anti-TCC therapy has not been 
addressed by the use of more clinically relevant experimental 
model(s) and in the way of local drug administration. In the 
current study, human TCC cell line, EJ [13], was treated in short 
term by resveratrol to mimic clinical drug instillation [14]. The 
cellular and molecular responses of EJ cells to the treatment were 
analyzed by multiple approaches. Meanwhile, an orthotopic TCC 
nude mouse model was established by injecting EJ cells into the 
sub-urothelial layer and treated by resveratrol in the manner 
similar with intravesical drug instillation [15]. The cellular and 
molecular responses to those treatments were evaluated thereafter. 

Materials and Methods 

Cell Culture and Treatments 

Human TCC EJ cells [13] were cultured in Dulbecco's 
modified Eagle's essential medium (DMEM) containing 10% fetal 
bovine serum (Gibco Life Science, Grand Island, NY, USA) under 
37°C and 5% C0 2 conditions. The cells (5xl0Vml) were plated 
to culture dishes (NUNC, Denmark) and incubated for 24 h before 
the experiments. 

Resveratrol (Res; Sigma Chemical, Inc, St. Louis, MO) was 
dissolved in dimethylsulfoxide (DMSO; Sigma) and diluted with 
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Figure 1. Short-term resveratrol treatments reduced cell viability and the growth of EJ bladder cancer cells, and caused apoptosis 
of EJ cells in vitro. A. Schematic diagram of short-term in vitro resveratrol treatment. B. MTT assay performed at 72 h after the treatments showed 
that short-term resveratrol exposure decreased cell viability and suppressed EJ cell growth in dose- and time-dependent manner. *, compared with N 
group, P<0.01;*\ compared among 100 uM, 150 uM and 200 \xM Res-treated groups at 1.5 h and 2.0 h, P<0.01; #, compared with 1 h 150 nM Res 
treatment, P>0.05; $, compared with 1 h 200 \M Res treatment, P>0.05; ##, compared with 1 h 1 00 Res treatment, P<0.05. -\ compared among 
1.0 h, 1.5 h or 2.0 h 100 Res-treated groups, P<0.01; &, compared among 1.0 h, 1.5 h or 2.0 h 150 \iM Res-treated groups, P<0.01; compared 
among 1.0 h, 1.5 h or 2.0 h 200 Res-treated groups, P<0.01. C. H&E staining and TUNEL assay (inset of the cycled region) performed on 2 h 
200 |j.M resveratrol treated-EJ cells at 72 h. D. Flow cytometry was performed to determine cell cycle distribution and apoptosis in EJ cells after short- 
term resveratrol treatments. 1 50 \iM and 200 uM resveratrol treatments for 2 h could both arrest cell cycle at S phase and increase apoptotic fractions 
at 72 h in dose-dependent fashion. 
doi:1 0.1 371 /journal.pone.0089806.g001 
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Table 1. Sequences of RT-PCR Primers. 





Parameters 


Primer Sequences 


Annealing Temperature PC) 


Product Size (bp) 


Reference 


STAT3 


F: 5'-gggtggagaaggacatcagcggtaa-3' 


58 


198 


[16] 


R: 5'-gccgacaatactttccgaatgc-3' 


survivin 


F: 5'-ggcatgggtgccccgacgttg-3' 


58 


439 


[17] 


R: 5'-cagaggcctcaatccatggca-3' 


c-Myc 


F: 5'-tggtcttcccctaccctctcaac-3' 


56 


265 


[18] 


R: 5'-gatccagactctgaccttttgcc-3' 


cyclin D1 


F: 5'-ctgtgctgcgaagtggaaaccat-3' 


57 


257 


[19] 


R: 5'-ttcatggccagcgggaagacctc-3' 



doi:1 0.1 371 /journal.pone.0089806.t001 



culture medium to the working concentrations just before use. The 
cells under normal culture condition, treated by 0.2% DMSO and 
exposed to 1 00 uM Res for 48 h were used as normal, background 
and efficacy controls, respectively. As shown in the diagram 
(Figure 1A), EJ cells were treated by 100 uM, 150 uM or 200 uM 
Res for 1 h, 1.5 h or 2 h in 24 h intervals. After 1 h and 2 h 
treatments, Res containing media were replaced with normal 
medium upon 3 washes. Therefore, EJ cells were exposed to 
different concentrations of Res for 3 times (once a day) during the 
72 h experiment (Figure 1A). Cell numbers and viabilities were 
checked in 12 h intervals. The cell-bearing coverslips were fixed in 
cold acetone or 4% paraformaldehyde (pH 7.4) for morphological 
and immunocytochemical examinations. The experimental groups 
were set in triplicate and the experiments were repeated for three 
times to establish confidential conclusion. 



Cell Proliferation and Death Assays 

The effects of resveratrol on cell proliferation were determined 
by 3- [4,5-Dimethylthiazol-2-yl] -2,5-diphenyl-tetrazolium bromide 
(MTT) assay described elsewhere [8]. The results were shown as 
percentage of cell viability (OD of the experiment samples/OD of 
the control) or OD values. Terminal deoxynucleotide transferase 
(TdT)-mediated dUTP-biotin nick-end labeling (TUNEL) assay 
was employed to detect apoptotic cells according to producer's 
instructions (Promega Corporation, USA). Haematoxylin and 
eosin (H/E) staining was performed to observe the morphological 
changes of EJ cells after treatment. 

Flow Cytometry 

The harvested cells of the experimental groups were fixed in 
ethanol for staining with DNA dye and resuspended in 0.5 ml to 
1 ml propidium iodide (PI) solution containing RNase and 
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Figure 2. Evaluation of the levels of STAT3, p-STAT3, cyclinDI, survivin, c-Myc and VEGF in normally cultured EJ cells and the cells 
treated by resveratrol shortly (200 uM for 2 h) or constantly (100 uM for 48 h) by RT-PCR (A), immunocytochemical staining (B) and 
Western blotting (C). 

doi:1 0.1 371 /journal.pone.0089806.g002 
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Table 2. Statuses of STAT3, p-STAT3 and STAT3 downstream 
genes in EJ cells and EJ transplanted tumors under different 
experimental conditions. 



AG490 (fiM) 



N 







EJ cells 






Transplanted 
tumors 




200 mM 
N Res* 


AG490 




NaCI* 200 uM Res* 






50 jlM 


80 uM 




STAT3 


+++ + 


++ 


+ 


+++ ++ 


P-STAT3* ++ ++ 


cyclinDI ++ + - - +++ ++ 


Survivin 


++ + 


+ 




+++ ++ 


c-Myc 


++ + 


+ 


+ 


+++ + 


VEGF 


+++ ++ 


+ 


+ 


+++ + 



*EJ cells treated by 2 h 200 \iM Res in one day intervals for 3 times and the 

transplanted tumors treated by 2 h 200 ^iM Res or 0.9% NaCI in two-day 

intervals for 13 times. 

^Densities of nuclear immuno-labeling. 

doi:1 0.1 371 /journal.pone.0089806.t002 



incubated at 37°C for 30 minutes. Cell-cycle profiles and the 
fractionations of apoptotic cells were obtained with a FACSvan- 
tage flow cytometer (Becton Dickinson, San Jose, CA, USA) and 
data were analyzed with ModFit software (Verity Software House, 
USA). 

RNA Isolation and Reverse Transcription-Polymerase 
Chain Reaction 

Total cellular RNA was isolated using Trizol solution (Life 
Technologies, Grand Island, NY). By the method described 
elsewhere [8], reverse transcription (RT) was performed on RNA 
samples, followed by polymerase chain reaction (PCR) with the 
primers (Table 1) for STAT3, c-Myc, cyclin-Dl and survivin [16— 
1 9] . The PCR products were resolved on 1 % agarose gel 
containing ethidium bromide (0.5 |ig/ml), visualized and photo- 
graphed using UVP Biospectrum Imaging System (UVP, Inc, 
Upland, CA). The (3-actin PCR products generated from the same 
RT solution were cited as quantitative controls. 

Immunocytochemical and Immunofluorescence Staining 

Immunocytochemical staining (ICC) was performed on the 
coverslips obtained from each of the experimental groups by the 
method described elsewhere [20]. The antibodies against human 
STAT3, p-STAT3, survivin, cyclinDI, c-Myc, VEGF, Sirtl and 
p53 were purchased from Santa Cruz Biotechnology, Inc, CA. 
Color reaction was developed using 3, 3'-diaminobenzidine 
tetrahydrochloride (DAB). According to the labeling intensity, 
the staining results were evaluated by two independent researchers 
and scored as negative (— ) if no immunolabeling was observed in 
target cells, weakly positive (+) if the labeling was faint, moderately 
positive (++), and strongly positive (>++) when the labeling was 
stronger or distinctly stronger than (++). For immunofluorescence 
staining (IF), the cell bearing coverslips were rinsed with 
phosphate-buffered solution (PBS; pH 7.4) for 3 times, blocked 
with 10% goat serum in PBS (pH 7.4) for 20 minutes, incubated 
overnight with primary antibody against target protein and finally 
co-incubated with fluorescence-labeled goat anti-rabbit or rabbit 
anti-mouse IgG (1:200; Santa Cruz Biotechnology, Inc) at 37°C 
for 60 minutes in darkness. The nuclei were labeled by DAPI (blue 
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Figure 3. Immunocytochemical evaluation of the expression 
and intracellular distribution of STAT3, p-STAT3, cyclinDI, 
survivin, c-Myc and VEGF in EJ cells without and with AG490 
treatments. 

doi:10.1371/journal.pone.0089806.g003 

fluorescence). The coverslips were observed and photographed 
under a fluorescence microscope (BX53F, Olympus, Japan). 

Protein Preparation and Western Blotting 

Total cellular proteins were prepared from the cells under 
different culture conditions [20]. The sample proteins (50 ug/well) 
were separated in 10% sodium dodecylsulfate-polyacrylamide gel 
electrophoresis and transferred to polyvinylidene difluoride 
membrane (Amersham, Buckinghamshire, UK). The membrane 
was blocked with 5% skimmed milk in TBS-T (10 mM Tris-HCl, 
pH8.0, 150 mM NaCI and 0.5% Tween 20) at 4°C, rinsed 10 
minutes for three times with TBS-T, followed by 3 h incubation at 
room temperature with the first antibody and then 1 h incubation 
with HRP-conjugated anti-mouse or anti-rabbit IgG (Zymed Lab, 
Inc). The bound antibody was detected using the enhanced 
chemiluminescence system (Roche GmbH, Mannheim, Ger- 
many). After removing the labeling signal by incubation with 
stripping buffer [8], the membrane was reprobed with other 
antibodies one by one until all of the parameters were examined. 
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Figure 4. AG490 inhibited growth of EJ bladder cancer cells. A. MTT cell proliferation assay performed on normally cultured EJ cells and the 
cells with AG490 (50 jrM and 80 u_M) and constant 100 \iM resveratrol treatments. * P<0.01; **, P<0.05. B. Flow cytometry determination of cell cycle 
distribution and apoptosis in AG490 treated EJ cell population. C and D. Evaluation of p-STAT3, cyclinDI, survivin, c-Myc and VEGF levels in EJ cells 
without and with 50 uM or 80 |iM AG490 treatments by RT-PCR and Western blot analyses. 
doi:1 0.1 371 /journal.pone.0089806.g004 



Inhibition of STAT3 Activation with AG490 

JAK2 -specific inhibitor AG490 (Sigma) [21] was dissolved in 
DMSO and diluted to the final concentrations of 50 |J.M and 
80 u,M with culture medium. Four experimental groups were set 
as follows: Groupl, normal culture; Group 2, treatment with 1 .2%o 
DMSO as background control; Groups 3 and 4, treatment with 
50 pM or 80 uM AG490. The effects of AG490 on cell 
proliferation were determined by MTT, flow cytometry and 
coverslip-based morphological and ICC staining for STAT3, p- 
STAT3, cyclinDI, survivin, c-Myc and VEGF. RNA and protein 
samples were prepared from all groups for RT-PCR and Western 
blot analyses. 

Ethics Statement 

Prior to the animal experiments, the research protocols were 
reviewed and approved by Animal Care and Use Committee of 
Dalian Medical University. All work involving experimental 
animals was performed in full compliance with NIH (National 
Institutes of Health) Guidelines for the Care and Use of 
Laboratory Animals. All experiments were performed under 
chloral hydrate anesthesia and all efforts were made to minimize 
suffering. 

Orthotopic TCC Model and Intravesical Treatment 

Female BALB/c-nude mice (4 weeks, 14—16 g body weight) 
were raised under specific pathogen free (SPF) conditions. For 
establishing orthotopic bladder cancer model [22], mice were 
anesthetized intraperitoneally with 3.5% chloral hydrate (0.1 ml/ 
10 g mice body weight) [23]. The state of anaesthesia was 



evaluated by loss of righting reflex (LORR), and time to induce 
LORR was usually between 5-10 minutes. In the germfree 
isolator, the mice urinary bladders were exposed through a low 
midline incision; 20 u.1 EJ cell suspension (1 x 10 6 cells) was injected 
into its sub-epithelial layer and the appearance of "semitranspar- 
ent bubbles" indicated successful inoculation. Three days later, the 
mice were randomly divided into two groups (10 mice/group) and 
treated by 50 ul 200 pM resveratrol or 50 u.1 0.9% NaCl in two- 
day intervals. After urine evacuation, a 24-gauge Teflon-coated 
catheter was introduced into the lumen of the bladder. To avoid 
liquid leaking, the catheter attached with syringe was held in place 
for 40 minutes. All of the mice were anesthetized safely and usually 
recovered from anesthesia after 2 hours. By the end of 28 day 
experiment, the whole bladders were harvested, weighed and then 
subjected to histological and immunohistochemical (IHC) exam- 
inations. Apoptosis was detected by the TUNEL assay and its 
indexes were obtained by counting TUNEL-positive cells versus 
over 1000 observed cells in the tumor sections [24]. 

Evaluation of Local Irritation and Systemic Toxicity 

5-week old ICR female mice (5 mice/ group) were intravesically 
treated with 50 u.1 of 200 JJ.M resveratrol. The treatment was 
performed for 6 times in 2-day intervals. The mice treated with 
50 ul of 2 mg/ml MMC (Sigma-AIdrich, dissolved in 0.9% NaCl) 
[25] in the same administration manner were cited as control. By 
the end of the treatments, the body weights were counted and the 
response(s) of bladder tissues to the treatments were examined in 
terms of mucosal integrity, capillary congestion and hemorrhage. 
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Figure 5. Growth inhibition and apoptosis induction of mouse orthotopic bladder tumors by 2 h 200 jiM resveratrol intravesical 
instillation for 13 times in 2 day intervals. A. Schematic diagram of study design and dosing schedule. Treatments began 3 days after 
implantation (asterisks). B. Upper: Urethral catheterization of nude mice; Lower: the sizes of a pair of tumor-bearing urinary bladders without and with 
2 h 200 uM resveratrol intravesical instillation for 13 times. C. Comparison of tumor burdens between resveratrol instillation group and the untreated 
control at Day 28 after tumor implantation. Normal nude mice (the same weeks old) bladders free of tumor implantation as control. *, compared with 
N group or Res group, P<0.01; #, compared with N group, P>0.05. D. H&E staining and TUNEL assay (the insets) for histological and apoptosis 
evaluation of urinary bladder tissues with intravesical resveratrol treatment (2 h 200 uM resveratrol for 13 times in 2 day intervals). Normal: the 
bladder of a nude mouse; Control: the bladder bearing orthotopic transplanted tumor without resveratrol treatment (0.9% NaCI treatment); Res: the 
bladder bearing orthotopic transplanted tumor with 200 uM resveratrol treatment for 2 h and 13 times. E. Evaluation of apoptotic indexes among 
Normal, Control and Res groups. 
doi:1 0.1 371 /journal.pone.0089806.g005 



Statistical Analysis 

The differences in continuous variables were assessed by 
Student t test or one-way ANOVA. Statistical significance was 
defined as P<0.05. 

Results 

Short-term Resveratrol Treatment Suppressed TCC Cell 
Growth 

MTT assay revealed that EJ cell growth was suppressed by 
short-term resveratrol treatments in dose- and time-related 
fashions (Figure IB). H/E staining and TUNEL assay showed 



frequent apoptotic death in 2 h 150 |iM and 200 uM Res-treated 
groups (Figure 1C). Flow cytometry showed that 2 h 150 uM and 
200 U.M Res treatments caused S-phase arrest and apoptosis in EJ 
cell populations. As shown in Figure ID, the Gl and S fractions of 
EJ cells were 62.6% and 33% in normally cultured cells, which 
changed to 23.9% and 76.1% in 2 h 150 uM Res treated and 
17.7% and 82.3% in 2 h 200 uM Res treated populations, 
respectively. The percentages of apoptosis in normally cultured, 
2 h 150 U.M Res- and 200 uM Res-treated groups were 0.394%, 
4.98% and 11.4% at 72 h time point (Figure ID). The growth of 
EJ cells was effectively inhibited by the constant treatment of 
100 uM resveratrol. 
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Figure 6. Inhibited STAT3 activation in mouse orthotopic 
bladder tumors treated by intravesical resveratrol instillation. 

H&E and immunohistochemical stainings of STAT3, p-STAT3 : cyclinDI, 
survivin, c-Myc and VEGF in the bladder tissue samples treated by 0.9% 
NaCI (control) or 200 jilvl resveratrol (Res) for two hours and 13 times. 
Insets, the enlarged images of tumor tissues. 
doi:1 0.1 371 /journal.pone.0089806.g006 

Resveratrol Inhibited STAT3 Transcription and Activation 

Because of the critical roles of activated STAT3 signaling in 
bladder TCC cells [26], the effect of resveratrol on STAT3 
signaling in EJ cells was analyzed by RT-PCR using the RNA 
samples extracted from the EJ cells without and with Res 



treatment. As shown in Figure 2A, STAT3 was expressed in 
normally cultured EJ cells and down-regulated after 2 h 200 uM 
Res treatment for 72 hours. ICC staining performed on the same 
experimental groups revealed strong STAT3 staining (>++) in 
either cytosolic space or nuclei of normally cultured EJ cells, which 
apparently weakened (+) after 72 hours of 2 h 200 uM Res 
treatment (Figure 2B; Table 2). It was also found that p-STAT3 
was mainly localized in the nuclei of EJ cells and was diminished 
after 2 h 200 |XM Res treatment for 72 hours (Figure 2B; Table 2). 
In accordance with the results of RT-PCR and ICC, Western 
blotting showed that 2 h 200 U.M Res treatment caused distinct 
STAT3 and p-STAT3 reduction (Figure 2C). To further elucidate 
the effects of 2 h Res treatment on STAT3 signaling, the levels of 
STAT3 downstream genes (c-Myc, survivin, cyclinDI and VEGF) 
in normally cultured and 2 h 200 uJVI Res treated EJ cells were 
examined by the methods described above. As shown in Figure 2, 
the expression of c-Myc, survivin, cyclinDI and VEGF was 
suppressed in 2 h 200 uJVl Res-treated EJ cells (Table 2). Similar 
findings could also be detected in EJ cells treated constandy by 
100 U.M resveratrol for 48 h. 

Inhibitory Effects of AG490 on EJ Cells 

To determine the significance of resveratrol-caused STAT3 
inhibition, AG490, a selective inhibitor of STAT3 phosphoryla- 
tion, was used to treat EJ cells [21]. Immunocytochemical staining 
demonstrated that STAT3 phosphorylation was inhibited in 
AG490-treated cells in terms of reduction of STAT3 and p- 
STAT3 nuclear labeling (Figure 3; Table 2). The proliferation of 
EJ cells was suppressed by AG490 in dose- and time-related 
fashion (Figure 4A). Flow cytometry analysis demonstrated that 48 
hour 50 |iM and 80 |xM AG490 treatments caused S-phase arrest 
without inducing distinct apoptosis. The Gl and S fractions were 
62.6% and 33% in normally cultured, 50.4% and 49.6% in 50 uM 
AG490 treated and 17.9% and 75.7% in 80 u.M AG490 treated 
EJ cells (Figure 4B). These results are in consistence with those of 
short-term resveratrol treatments. The percentages of apoptosis in 
normally cultured, 50 uM AG490- and 80 uM AG490-treated 
groups at 48 h time point were 0.394%, 0.194% and 1.77%, 
respectively (Figure 4B). In comparison with normally cultured EJ 
cells, c-Myc, cyclinDI, survivin and VEGF expressions were 
down-regulated in AG490-treated cells (Figure 3, Figure 4C and 
D; Table 2). 

Intravesical Resveratrol Treatment Inhibited Orthotopic 
Tumor Growth 

H/E staining was performed on the inoculated sites and 
confirmed that the successful rate of orthotopic tumor implanta- 
tion was 100% (20/20). The schematic diagram of intravesical 
resveratrol treatment and dosing schedule was shown in Figure 5A. 
The tumor burdens were determined by weighing the whole 
bladders harvested from all groups [27], which revealed the 
greater mean bladder weight in NaCl-treated control group than 
that in resveratrol-treated group (0.03362 g vs 0.01625 g, P<0.01; 
Figure 5B and C). TUNEL assay performed on orthotopic tumor 
samples with and without short-term resveratrol instillation 
demonstrated remarkable apoptotic death (apoptotic in- 
dex = 23.2%) in the former cases (Figure 5D and E). Immunohis- 
tochemical staining showed that STAT3, p-STAT3 and its 
downstream genes c-Myc, cyclinDI, survivin and VEGF could 
be detected in either cytoplasm or the nuclei of tumor tissues in 
NaCI control group but became apparendy reduced in resveratrol- 
treated tumors (Figure 6; Table 2). 
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Figure 7. Short-term resveratrol treatment promoted nuclear translocations of Sirtl and p53. A. Evaluation of Sirtl and p53 distribution 
in normally cultured EJ cells and the cells treated by 2 h 200 |j.M resveratrol at 72 h time-point by immunocytochemical and immunofluorescence 
stainings (the insets). B. Sirtl and p53 oriented immunohistochemical staining of the bladder tissues treated by 0.9% NaCI (control) or 200 |jJvl 
resveratrol (Res) for two hours and 13 times. Insets, the enlarged images of tumor tissues. 
doi:1 0.1 371 /journal.pone.0089806.g007 



Short-term Resveratrol Treatment Promoted the Nuclear 
Translocation of Sirtl and p53 

Resveratrol is known as an activator of silent mating type 
information regulation 2 homolog (Sirtl) that modulates p53 
activity by deacetylation [28,29] . Therefore, the in vitro and 
in vivo influences of resveratrol on Sirt 1 activity of EJ cells were 
investigated by the methods of ICC, IHC and IF. As shown in 
Figure 7, both Sirtl and p53 were distributed in cytosolic space of 
EJ cells and transplanted tumors without resveratrol treatment, 
which were apparentiy translocated into the nuclei of EJ cells after 
in vitro 2 h 200 uM Res treatment at 72 h time-point and 2 h 



intravesical resveratrol instillation for 13 times, suggesting 
potential functional link of these two proteins. 

No Obvious Local Irritation of Resveratrol-treated Bladder 
Mucosa 

Intravesical resveratrol instillation was conducted on both 
female tumor-free ICR mice and the female tumor-bearing nude 
mice. By the end of the experiment, the whole bladders were 
removed and fixed in 10% neutral buffered formalin for H/E 
staining-based cystitis examination. As shown in Figure 8A, the 
transitional epithelia of urinary bladder walls were intact, and 
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Figure 8. Comparison of bladder irritation (A) and the body weights (B and C) of the mice treated by resveratrol and mitomycin C 
(MMC) intravesical instillation. NaCI, ICR mice treated by intravesical instillation of 0.9% NaCI; Res, 200 |iM resveratrol; MMC, 2 mg/ml 
mitomycine C. These treatments were conducted for 6 times in 2-day intervals. Severe epithelial damage, capillary congestion and hemorrhage could 
be observed in the MMC-treated but not in NaCI and Res-treated bladders. Insets, high magnification images of arrow-indicated urothelial regions. 
*P<0.01. 

doi:1 0.1 371 /journal.pone.0089806.g008 



neither distinct capillary congestion nor inflammatory lymphocyte 
infiltration was observed in the sub-mucosal space of resveratrol- 
treated cancer-free ICR mice. Similar situation was also found in 
the tumor surrounding bladder tissues of tumor-bearing nude mice 
treated by intravesical resveratrol instillation (data not shown). In 
contrast, severe epithelial damage, capillary congestion and 
hemorrhage could be observed in the MMC-treated urinary 
bladders of ICR mice (Figure 8A). The distinct body weight loss 
was found in MMC-treated group (18.1 g in average) in 
comparison with that in Res-treated group (27.2 g in average; 
P<0.01; Figure 8B and 8C). 

Discussion 

Transitional cell carcinoma of urinary bladder/TCC is 
responsible for over 130 000 annual deaths worldwide [30] largely 
due to the recurrence and metastasis [2]. Intravesical administra- 
tion of anticancer agents has been adopted to eradicate residual 
tumor cells [3,4]. However, those conventional therapies can not 
last long because of systemic toxicity and local irritation [2] . Since 
resveratrol is non-toxic [5] and exerts inhibitory effects on TCC 
cells [9-12], it would be an alternative candidate for the 
management of TCCs if its anti-TCC capacity can be further 
proved under the experimental conditions closer to the clinical 
statuses. To mimic intravesical drug instillation, the cultured EJ 
TCC cells were treated with 100 uM, 150 |iM or 200 |jM 
resveratrol transiently instead of constantly. The results clearly 
demonstrated that 150 uM and 200 |jM resveratrol treatments for 
1.5-hour or 2-hour were sufficient to suppress growth and induce 
apoptosis of EJ cells, suggesting that short-term resveratrol 
treatment could achieve similar anti-TCC effects as that of 
conventional drugs [14]. This notion was further supported by the 
downregulation of STAT3 and STAT3 target gene expression and 
reduction of p-STAT3 nuclear translocation in resveratrol-treated 
EJ cells, because activated STAT3 signaling was associated with 
TCC cell growth and survival [26] . These promising in vitro 



results encourage us to testify whether short-term resveratrol 
instillation can also lead to similar therapeutic consequence in an 
appropriate orthotopic xenograft model. 

Although anti-cancer effects of resveratrol have been evidenced, 
this agent has not yet been applied to clinical practice largely due 
to the low intracellular bioavailability of systemically administrated 
resveratrol [31,32]. Unlike solid tumors in majority of organs, 
TCCs grow outward to the bladder cavity. Moreover, the instilled 
drug can be easily retained in the bladder and directly exerts its 
effects on the tumor tissue/cells. Therefore, an orthotopic 
xenograft model was established in nude mouse urinary bladder, 
which was then treated by resveratrol in the same dosages as that 
of the in vitro experiment and in the manner similar with clinical 
practice [14]. It was found that the tumor growth was remarkably 
suppressed and tumor cells underwent extensive apoptosis. Since 
the experiment was performed on the tumors inside the bladder, 
the results obtained were closer to the patients' reality and, 
therefore, would be of translational values. 

One of the severe side-effects of intravesical chemotherapy with 
conventional anticancer drugs is hemorrhagic cystitis [33]. 
Although the non-toxicity of resveratrol to normal cells has been 
described in some organs [32], the effect(s) of resveratrol on 
normal urinary bladder tissue remains unknown. Therefore, an 
effective anti-TCC dose of resveratrol (200 u_M) was instilled into 
the bladders of cancer-free mice and compared with that treated 
by 2 mg/ml mitomycin C. Meanwhile, the response(s) of 
transplanted tumors and their surrounding mucosa to resveratrol 
were compared. We found that both the cancer-free and the 
tumor-surrounding mucosa showed almost intact transitional 
epithelia without distinct capillary congestion and inflammatory 
lymphocyte infiltration, while severe irritation and epithelial 
damage happened to the mitomycin C-treated mucosa. Our data 
thus provide in vivo evidence of cancer-targeting property of 
resveratrol in the urinary bladder and further suggest the 
suitability of resveratrol in clinical treatment of human TCCs. 



PLOS ONE | www.plosone.org 



9 



February 2014 | Volume 9 | Issue 2 | e89806 



Resveratrol Exposure Inhibits Bladder Cancers 



Resveratrol possesses multifaceted molecular effects including 
inhibition of STAT3 signaling [20] and activation of Sirtl 
deacetylation [28]. STAT3 activation is frequent in TCCs and 
its inhibition may lead to growth arrest and apoptosis [26]. We 
found that STAT3 signaling is also activated in EJ TCC cells and 
short term in vitro and in vivo resveratrol treatments can inhibit 
STAT3 activation and down-regulate the expression of STAT3 
and its downstream cancer-associated genes. These results 
together with the similar findings from other types of cancers 
[20,32,34] suggest that STAT3 is a major molecular target of 
resveratrol. The suppressed growth of AG490-treated EJ cells 
further supports the critical roles of activated STAT3 signaling in 
promoting TCC cell proliferation. The lack of apoptotic death in 
AG490-treated EJ population indicates that resveratrol may alter 
other cell survival machineries beyond STAT3 signaling. So far, 
the role of Sirtl in TCC formation and progression remains 
unclear. In this study, Sirtl nuclear translocation is evidenced in 
resveratrol-treated EJ cells, paralleled with p53 nuclear transloca- 
tion. It has been reported that Sirtl nucleocytoplasmic shuttling 
plays a critical role in the regulation of Sirtl activity [35]. 
Moreover, activated Sirtl -p53 pathway can induce senescence-like 
growth arrest of cancer cells [36]. Our results thus provide a cue to 
explore additional anti-TCC mechanism of resveratrol and to 
elucidate the biological implications of nuclear co-translocation of 
Sirtl and p53 proteins. 



In conclusions, the safety and efficacy of resveratrol in clinical 
treatment of bladder TCCs have been validated here by shortly 
exposing the cultured human TCC EJ cells and orthotopic 
transplanted tumors to resveratrol. Two hours 200 uM resveratrol 
treatment is sufficient to suppress in vitro and in vivo growth and 
to induce distinct apoptosis of EJ cells, presumably through 
inhibition of STAT3 activation and induction of Sirtl and p53 
nuclear translocation. Moreover, resveratrol neither exerts harm- 
ful effects on normal urothelial cells nor causes bladder 
hemorrhagic cystitis and body weight loss. Our results obtained 
from the clinically relevant experimental models strongly suggest 
the practical values of resveratrol in the management of human 
TCCs. 
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